Recent advances in molecular electrophysiology have made possible the development of more selective ion channel blockers for therapeutic use. However, more information is needed about the effects of blocking specific channels on repolarization in normal human atrium and in atrial cells of patients with atrial fibrillation (AF). AF-induced electrical remodeling is associated with reductions in transient outward current (I ), ultrarapid delayed rectifier current (I ), and L-type calcium current (I ). Direct evaluation of the results to Kur Ca,L of ion channel depression is limited by the nonspecificity of the available pharmacological probes. Objectives: Using a mathematical model of the human atrial action potential (AP), we aimed to: (1) evaluate the role of ionic abnormalities in producing AP changes characteristic of AF in humans and (2) explore the effects of specific channel blockade on the normal and AF-modified AP (AFAP). Methods: We used our previously developed mathematical model of the normal human atrial AP (NAP) based on directly measured currents. We constructed a model of the AFAP by incorporating experimentally-measured reductions in I (50%), I (50%), and I 
Introduction
modifications that may contribute to the maintenance of the disease. Recent studies have shown that AF induces Atrial fibrillation (AF) is self-perpetuating in nature [1] , significant changes in the electrophysiological properties of suggesting that the arrhythmia causes electrophysiological atrial tissue that promote AF initiation and maintenance, and that these changes are due to atrial tachycardia [1, 2] . This electrical remodeling includes shortening of the effective refractory period (ERP) [1, [3] [4] [5] [6] [7] , abbreviation of fications on the AP with the following objectives: (1) to the action potential (AP) [8] , decreased shortening of ERP determine whether the ionic current abnormalities reported and AP duration (APD) usually associated with increases in myocytes from patients with AF account for the in stimulation rate (rate-adaptation) [1, 3, [6] [7] [8] , and inobserved AFAP changes; (2) to assess the relative imporcreased dispersion of cellular refractoriness [9] [10] [11] . Vultance of individual ionic currents to the overall AFAP nerability to AF in man has been linked to decreased changes; (3) to determine how normal AP morphological rate-adaptation of the refractory period [12] , pointing to the heterogeneity and the ionic abnormalities caused by AF potential clinical importance of remodeling-induced reducalter the response of the atrial AP to specific ionic current tions in ERP rate-adaptation. Tachycardia-induced reinhibition. modeling has been shown to promote AF maintenance via reductions in excitation wavelength and increases in the dispersion of refractoriness that promote multiple-wavelet 2. Methods reentry [6, 11] .
A variety of changes in ionic currents have been The NAP model is implemented as described in Courdescribed in atrial myocytes from animals and humans temanche et al. [14] . A schematic diagram of the model with AF or with maintained atrial tachycardia at rates cell including currents, pumps, exchangers and cellular similar to those of AF. In an experimental dog model, right compartments is given in Fig. 1 . The cell membrane is atrial pacing at 400 bpm was shown to progressively modelled electrically as a capacitor connected in parallel reduce the transient outward potassium current (I ) and with variable resistances and batteries representing the 
[13] of the same order as that observed in dogs with chronic atrial tachycardia [8] .
It is presently unclear whether the ionic abnormalities observed in clinical and experimental models of AF can account for the observed differences between the ''normal'' AP (NAP) recorded in atrial myocytes from patients in sinus rhythm and the ''AF-modified'' AP (AFAP) recorded in cells from patients in chronic AF. The respective roles of the observed ionic abnormalities in producing the AFAP changes are also uncertain. Previous attempts to address these issues have used pharmacological probes [8], all of which have problems with limited specificity and potentially complex voltage-and time-dependent action. In addition, it is unclear to what extent AF-induced alterations in AP morphology can modify the response of the AP 1 to K -current inhibition. The effects of channel-specific 1 K -current inhibition on the NAP and AFAP are relevant because these currents are possible ionic targets for drug therapy in AF. Some of these currents are already targets for existing drug therapies, but the pharmacological agents currently in use are usually not specific to a single ionic brane channels are depicted using small rectangles across the cell channel. In the present manuscript, we address these issues membrane. The ionic species flowing across the channel is identified by the intracellular pool (dashed intracellular compartment) into which it using an alternative approach based on a mathematical flows. Pumps and exchangers are depicted using a circular symbol with a model of the normal human atrial AP [14] that includes centered ''3''. The sarcoplasmic reticulum (SR, the solid intracellular specific formulations of ionic currents based on direct compartment) is divided into two compartments: the SR release compartmeasurements in atrial myocytes. The model is used to ment or junctional SR (JSR), and the SR uptake compartment or network investigate the effects of AF-induced ion channel modi-
The total ionic current includes contributions from the fast performed on local unix workstations using double-precisodium current (I ), the inward rectifier potassium current sion arithmetic. ticulum system can be found in Ref. [14] . The model keeps rest. As pointed out in Ref. [14] , the model parameters are track of the intracellular concentrations of sodium, caladjusted to produce stable ionic concentrations at rest, i.e., cium, and potassium. No extracellular cleft spaces are in the absence of stimulation. Under periodic stimulation, included in the model (extracellular ion concentrations are there are two phases of model AP adaptation to pacing fixed). The total membrane capacitance is taken to be 100 rate: the first is a relatively rapid adaptation due to the (picofarads) pF. Unless otherwise noted, physical units are kinetic properties of the current gating variables, while the as follows: time is in milliseconds (ms), membrane posecond is a slow adaptation due to drift of intracellular tential is in millivolts (mV), membrane capacitance is in ionic concentrations. Twelve seconds of pacing is suffipF, current density is in picoamperes per pF (pA / pF), cient to ensure rapid rate-adaptation of the AP. For conductance is in nanosiemens per pF (nS / pF), and example, upon stimulation from rest at a period of 300 ms, concentrations are in millimoles per liter (mM).
the AP initially displays an alternation of long and short The AFAP model is implemented by incorporating durations that subsides after about 10 s of pacing. Further experimentally-measured ionic current density reductions slow decreases in APD can take up to 20 min to develop in into our original NAP model. Among the candidate the model. This is not unique to our model and is currents for a role in AF-induced electrical remodeling are commonly observed in ionic models that attempt to I , I and I . These currents have been studied in both dynamically track intracellular ionic concentrations [15] .
to Kur Ca,L normal and AF-altered or atrial tachycardia-altered Although such slow changes are known to occur exmyocytes. In chronic AF, human atrial I and I conperimentally, in the model they clearly depend on the to Kur ductances were found to be approximately halved comnature of the stimulus used and on the ionic species pared to cells from patients in normal sinus rhythm [10] . In assumed to carry the stimulus charge. The necessary human atrial cells from patients with chronic AF, I
careful investigation of these long-term changes in ionic Ca,L amplitude was reduced by about 70% compared to patients models has not yet been performed in the present or other in normal sinus rhythm [13] . Similar results were observed models. Because of this, we did not wish to include these in canine atrial cells: voltage-and time-dependent propvery slow effects in our results and chose to present erties of I remained at control levels after up to 42 days simulations after 12 s of pacing, at which point rapid Ca,L of rapid pacing, while current density was progressively rate-adaptation of the AP is complete. attenuated (about 70% reduction after 42 days) [8] .
Based on the available data, we chose to model the AFAP by implementing the experimentally-measured re-3. Results ductions in maximal current densities through decreases in the maximal conductances of the currents in the model: 3.1. The model NAP and AFAP 50% reduction in the maximal conductance of I , 50% to reduction in the maximal conductance of I , and 70% these specific maximal conductance changes, the AFAP underlying their morphology. A detailed analysis of the model is identical to our original NAP model [14] . Both properties of our NAP model can be found in Ref. [14] . the NAP and AFAP models are used to carry out simula-
The second panel from the top of to to 1 3.5. AP heterogeneity and effects of K -current block its apparent importance in human atrial repolarization [26] and its absence in human ventricle [27] . The results of the We had suggested previously that I might be an model indicate that secondary changes in I triggered by Kur K attractive target for new antiarrhythmic agents because of the increase in plateau height that accompanies I Kur The observation of a lack of an effect of I inhibition disease [26] . We therefore considered the possibility that Kur on NAP duration contrasts with previous experimental AP heterogeneity, as previously described in normal Kur to human atrial tissues [19, 20] , may modify the response to characteristic rectangular type 1 AP by decreasing the and-dome morphology, typically referred to as a type 2 AP triangular type 3 AP was produced by decreasing the [19] . We modified the model parameters to produce a maximum I conductance by 70%. These changes are presence of I inhibition. The NAP I current peaks off the graph scale at 9 pA / pF, as indicated.
K1 to
consistent with existing studies of ionic mechanisms of AP type 1 AP, 260 ms for the type 2 AP, and 149 ms for the heterogeneity [14, 21] . The effects of inhibition of various type 3 AP. I inhibition reduces APD in type 1 (10 ms) to 1 K -channels and the three main AP types are shown in and type 2 (40 ms) cells, and causes an increase in APD in Fig. 11 . The control APD values are 232 ms for the type 3 cells (13 ms). I inhibition increases APD in type
Discussion
In this study, we used our recently developed mathematical model of the normal human atrial AP [14] to investigate the effects of AF on the human atrial AP and the results of specific potassium channel inhibition. We found that experimentally determined changes in I , I
to Kur and I are sufficient to account for the effects of AF on Ca,L the human AP. We also noted that the overall effects of effects of K -channel inhibition on AP repolarization, calcium overload and a concomitant decrease in inward even in normal heart. calcium current as the prominent mechanism contributing to the changes associated with AF. In pig atria, preliminary observations suggest that myocardial calcium concentration are approximately doubled following only 25 min of rapid pacing-induced AF [22] . In acute dog models of rapid pacing-induced AF, atrial biopsy specimens showed mitochondrial swelling, suggesting that tachycardia of the atrial tissue promoted intracellular calcium overload [25] . Whether or not this increase in intracellular calcium is responsible for the downregulation of membrane channel proteins or is directly involved in the inactivation of I Ca,L in AF-remodeled myocytes remains to be determined. Although the model reproduces the short-term changes in intracellular calcium concentration that occur during the AP, long-term modeling of intracellular calcium concentrations over periods of hours of stimulation requires a level of accuracy in the representation of intracellular calcium handling mechanisms that is not yet available. ly, the model NAP displays rate-adaptation that may be considered less than average at pacing rates faster than 3 heterogeneity in determining the effects of blocking spe- conditions. In particular, interesting phenomena related to Those results should depend sensitively on the accuracy of voltages. These properties would play a significant role in 
